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Abstract 

Introduction: Mechanical ventilation with high positive end-expiratory pressure (PEEP) has been used in patients 
with acute respiratory distress syndrome (ARDS) and intra-abdominal hypertension (IAH), but the role of PEEP in 
minimizing lung injury remains controversial. We hypothesized that in the presence of acute lung injury (ALI) with 
IAH: 1) higher PEEP levels improve pulmonary morphofunction and minimize lung injury; and 2) the biological 
effects of higher PEEP are more effective in extrapulmonary (exp) than pulmonary (p) ALI. 

Methods: In 48 adult male Wistar rats, ALIp and ALIexp were induced by Escherichia coli lipopolysaccharide 
intratracheal^ and i ntrape ritonea I ly, respectively. After 24 hours, animals were anesthetized and mechanically 
ventilated (tidal volume of 6 mL/kg). IAH (15 mmHg) was induced and rats randomly assigned to PEEP of 
5 (PEEP5), 7 (PEEP7) or 10 (PEEP10) cmH 2 0 for 1 hour. 

Results: In both ALIp and ALIexp, higher PEEP levels improved oxygenation. PEEP10 increased alveolar 
hyperinflation and epithelial cell damage compared to PEEP5, independent of ALI etiology. In ALIp, PEEP7 and 
PEEP10 increased lung elastance compared to PEEP5 (4.3 ±0.7 and 4.3 ±0.9 versus 3.1 ±0.3 cmH 2 0/mL, 
respectively, P <0.01), without changes in alveolar collapse, interleukin-6, caspase-3, type III procollagen, receptor 
for advanced glycation end-products, and vascular cell adhesion molecule-1 expressions. Moreover, PEEP10 
increased diaphragmatic injury compared to PEEP5. In ALIexp, PEEP7 decreased lung elastance and alveolar collapse 
compared to PEEP5 (2.3 ±0.5 versus 3.6 ±0.7 cmH 2 0/mL, P <0.02, and 27.2 (24.7 to 36.8) versus 44.2 (39.7 to 56.9)%, 
P <0.05, respectively), while PEEP7 and PEEP10 increased interleukin-6 and type III procollagen expressions, as well 
as type II epithelial cell damage compared to PEEP5. 

Conclusions: In the current models of ALI with IAH, in contrast to our primary hypothesis, higher PEEP is more 
effective in ALIp than ALIexp as demonstrated by the activation of biological markers. Therefore, higher PEEP 
should be used cautiously in the presence of IAH and ALI, mainly in ALIexp. 
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Introduction 

The optimization of positive end-expiratory pressure 
(PEEP) plays a relevant role in preventing the develop- 
ment of ventilator-induced acute lung injury (VALI) in 
patients with acute respiratory distress syndrome (ARDS) 
[1]. The level of PEEP required to avoid alveolar derecruit- 
ment and possibly atelectrauma is likely higher during 
intra-abdominal hypertension (IAH), compared to normal 
intra-abdominal pressure. Experimental and clinical stud- 
ies have suggested that the etiology of ARDS (pulmonary 
and extra-pulmonary, ALIp and ALIexp, respectively) may 
also affect the response to PEEP. According to those stud- 
ies, in ALIp alveolar edema and tissue consolidation pre- 
dominate, whereas ALIexp is associated with potentially 
recruitable alveolar collapse [2]. Nevertheless, previous 
studies in small animals [3], large animals [4] and in pa- 
tients [5,6] showed that PEEP represents a compromise. If 
PEEP is too low, cyclic recruitment/derecruitment of the 
lung during mechanical tidal breath may occur, leading to 
shear stress [7]. Conversely, high PEEP used to keep lungs 
open may overdistend certain lung regions, resulting in 
increased lung injury. 

In view of these facts, we aimed to investigate the effects 
of different PEEP levels on arterial blood gases, lung me- 
chanics and histology, as well as to identify biological 
markers associated with inflammation, apoptosis, fibrogen- 
esis and damage inflicted to alveolar epithelial and endo- 
thelial cells in models of ALIp and ALIexp with IAH in 
rats. We hypothesized that: 1) higher PEEP levels improve 
pulmonary morphofunction and minimize lung injury; and 
2) the biological effects of higher PEEP are more effective 
in extrapulmonary (exp) than in pulmonary (p) ALL 

Materials and methods 

This study was approved by the Animal Research Ethics 
Committee of the Federal University of Rio de Janeiro 
Health Sciences Center (CEUA-CCS, 019). All animals 
received humane care in compliance with the 'Principles 
of Laboratory Animal Care' formulated by the National 
Society for Medical Research and the 'Guide for the Care 
and Use of Laboratory Animals' prepared by the U.S. 
National Academy of Sciences. 

Animal preparation and experimental protocol 

Forty-eight Wistar rats (300 to 350 g) were submitted to 
the following sequence of events: 1) random assignment to 
receive Escherichia coli lipopolysaccharide (LPS) 055:B5 
(Sigma Chemical Co., St. Louis, MO, USA) either intratra- 
cheally (i.t.) (200 nig) (pulmonary ALI (ALIp), n = 24), or 
intraperitoneally (i.p.) (1,000 \ig) (extrapulmonary ALI 
(ALIexp), n = 24), suspended in saline solution with total 
volumes equal to 200 uL and 1,000 uL, respectively. In our 
experience, these doses of Ec coli LPS yield a similar 1.5- 
fold-increase in static lung elastance (Est,L) in ALIp and 



ALIexp [8,9]; 2) waiting period of 24 hours for develop- 
ment of lung injury; 3) sedation (10 mg/kg i.p. diazepam, 
Compaz 8 , Cristalia, Itapira, SP, Brazil), general anesthesia 
(100 mg/kg i.p. ketamine, Ketamin-S + Cristalia, Itapira, 
SP, Brazil, and 10 mg/kg i.p. xylazine, Rompun 2%, Bayer 8 , 
Sao Paulo, Brazil), subcutaneous local anesthesia (Xylestesin 8 
2%, Cristalia, Itapira, Brazil), tracheostomy and mechanical 
ventilation; 4) induction of IAH; 5) random assignment to 
different levels of PEEP, namely 5, 7 or 10 cmH 2 0 (PEEP5, 
PEEP7, PEEP10, respectively) (n = 8 per PEEP level in each 
ALI group). In small animals, PEEP5 likely corresponds to 
'moderate PEEP) whereas PEEP7 and PEEP10 correspond 
to 'higher PEEP' [3,10]. 

Anesthetized animals were kept in the supine position. 
After median neck incision, a polyethylene catheter (PE-50) 
was introduced into the right internal carotid artery for 
blood sampling and mean arterial blood pressure (MAP) 
measurement. Heart rate (HR), MAP, and rectal tempera- 
ture were continuously recorded (Networked Multipara- 
meter Veterinary Monitor LifeWindow 6000 V, Digicare 
Animal Health, Boynton Beach, FL, USA). Body temperature 
was maintained at 37.5 ± 1°C using a heating blanket. 
Administration of lactated ringer solution (10 mL/kg/hour) 
was performed via the tail vein to keep fluid homeostasis. 
Gelafundin 8 (B. Braun, Sao Goncalo, RJ, Brazil) was admin- 
istered (in steps of 0.5 mL) to maintain MAP >70 mmHg. 

Animals were paralyzed (2 mg/kg intravenous vecuro- 
nium bromide - Vecuron, Cristalia, Itapira, SP, Brazil) 
and mechanically ventilated (Servo-i, MAQUET, Solna, 
Sweden) in volume-controlled mode with: V T = 6 mL/kg, 
respiratory rate (RR) = 80 breaths/min, fraction of inspired 
oxygen (FIO2) = 1.0, and zero end-expiratory pressure 
(ZEEP) for five minutes in order to evaluate if the degree 
of lung damage was similar in ALIp and ALIexp before in- 
ducing IAH, while avoiding recruitment by PEEP. Lung 
mechanics were measured (Baseline-ZEEP). Arterial blood 
(300 uL) was drawn into a heparinized syringe to deter- 
mine arterial oxygen partial pressure (PaG^) (i-STAT, 
Abbott Laboratories, Abbott Park, Illinois, USA) (Baseline- 
ZEEP). After blood gas analysis, functional data (MAP and 
rectal temperature) were collected. 

In order to induce IAH, a midline laparotomy (3-cm 
incision) was performed to expose the abdominal cavity, and 
15-cm hydrophilic gauze compresses (Cremer, Blumenau, 
SC, Brazil) were placed in the four quadrants (one gauze/ 
quadrant). A catheter (PE-240) was inserted into the peri- 
toneum for continuous intra-abdominal pressure (IAP) 
measurement [9], and a 2-0 silk suture was used to tie the 
catheter in place and ensure that there was no leaking. 
Both layers of the abdominal cavity were closed with 3-0 
monofilament nylon suture (Ethilon 8 , Sao Paulo, SP, 
Brazil), which was tightened to maintain IAP of 15 mmHg 
[9]. IAP was maintained at this level throughout the ex- 
periment. Lung mechanics were measured after a one- 
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hour ventilation period (End). Following this step, FKD2 
was set at 1.0 and PaC>2 measured after five minutes. Ani- 
mals were then killed with intravenous sodium thiopental 
60 mg/kg, and their lungs extracted for histological and 
molecular biology analysis (Figure 1). 

Data acquisition and processing 

Airflow, airway (P,aw) and esophageal pressures (Pes) 
were continuously recorded throughout the experiments 
with a computer running custom software written in 
LabVIEW 8 (National Instruments, Austin, TX, USA) [11]. 
V T was calculated by digital integration of the flow signal. 
Changes in esophageal pressure (APes), which reflect 
changes in chest wall pressure, were measured with a 
30-cm long water filled catheter (PE205) with side holes 
at the tip connected to a SCIREQ differential pressure 
transducer (UT-PL-400, SCIREQ, Montreal, QC, Canada). 
The catheter was passed into the stomach and then slowly 
returned into the esophagus. Its proper positioning was 
assessed using the occlusion test described elsewhere [12]. 
Transpulmonary pressure (P,L) was calculated during in- 
spiration and expiration as the difference between airway 
and esophageal pressures [8,9]. All signals were filtered 
(100 Hz), amplified in a 4-channel signal conditioner 
(SC-24, SCIREQ, Montreal, QC, Canada) and sampled 
at 200 Hz with a 12-bit analogue-to-digital converter 
(National Instruments). Est,L was computed off-line by a 
routine written in MATLAB (Version R2007a; The Math- 
works Inc, Natik, MA, USA) [8] and calculated as the 



difference between P,L at end-inspiration and end-expir- 
ation (five second occlusion maneuvers) divided by Vt- 

Histology 
Light microscopy 

A laparotomy was performed at the end of the experiments 
(End). Heparin (1,000 IU) was injected intravenously in the 
tail vein. The trachea was clamped at the respective PEEP 
level to avoid loss of end-expiratory lung volume, and 
lungs were carefully removed en bloc, fixed in 3% buffered 
formaldehyde, paraffin embedded, and stained with 
hematoxylin-eosin. Lung morphometric analysis was per- 
formed using an integrating eyepiece with a coherent sys- 
tem consisting of a grid with 100 points and 50 lines 
(known length) coupled to a conventional light microscope 
(Olympus BX51, Olympus Latin America-Inc, Sao Paulo, 
SP, Brazil). The volume fractions of the lung occupied by 
collapsed alveoli or hyperinflated structures (alveolar ducts, 
alveolar sacs or alveoli; maximum chord length in air 
>120 urn) were determined by the point-counting tech- 
nique [13] at a magnification of x200 across 10 random, 
non-coincident microscopic fields. 

Transmission electron microscopy 

Three slices measuring 2x2x2 mm were cut from three 
different segments of the right lung and fixed (2.5% glu- 
taraldehyde and 0.1 M phosphate buffer (pH = 7.4)) for 
transmission electron microscopy (TEM) (JEOL 1010 
Transmission Electron Microscope, Tokyo, Japan). Each 
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Figure 1 Timeline representation of the experimental protocol. ALI: acute lung injury; FI0 2 : fraction of inspired oxygen; IAH: intra-abdomina 
hypertension; l:E: inspiratory-to-expiratory ratio; PEEP: positive end-expiratory pressure; RR: respiratory rate; RT-PCR: real-time reverse transcription 
polymerase chain reaction; V T : tidal volume; ZEEP: zero end-expiratory pressure. 
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TEM image (20 per animal) was analyzed for damage 
to type I and II epithelial cells and endothelial cells 
at three different magnifications. Pathologic findings 
were graded according to a 5-point semi- quantitative 
severity-based scoring system as: 0 = normal lung paren- 
chyma, 1 = changes in 1% to 25%, 2 = changes in 26% to 
50%, 3 = changes in 51% to 75%, and 4 = changes in 76% 
to 100% of the examined tissue [3,8]. The following as- 
pects were assessed on TEM of diaphragm muscle: 1) 
myofibril abnormalities, defined as disruption of myofibril 
bundles or disorganized myofibrillar pattern with edema 
of the Z disc; 2) mitochondrial injury with abnormal, 
swollen mitochondria and abnormal cristae; and 3) mis- 
cellaneous, which included lipid droplets, vacuoles, inter- 
myofibril space and nuclei. The pathologic findings were 
graded according to a 5-point semiquantitative severity- 
based scoring system, as follows: 0 = normal lung 
parenchyma or diaphragm, 1 = changes in 1% to 25%, 
2 = changes in 26% to 50%, 3 = changes in 51% to 75%, 
and 4 = changes in 76% to 100% of the examined tissue. 
The pathologist or technician working on the light 
microscopy and TEM images was blinded to group 
assignment. 

Biological markers of inflammation, apoptosis, fibrogenesis, 
and lung epithelial and endothelial cell damage 

Quantitative real-time reverse transcription polymerase 
chain reaction (RT-PCR) was performed to measure 
biological markers associated with inflammation (interleu- 
kin (IL)-6), apoptosis (caspase-3), fibrogenesis (type III 
procollagen (PCM)), and damage inflicted on alveolar type 
I (receptor for advanced glycation end-products (RAGE)), 
and endothelium (vascular cell adhesion molecule- 1 
(VCAM-1)). Central slices of right lung were cut, col- 
lected in cryotubes, quick-frozen by immersion in liquid 
nitrogen, and stored at -80°C. Total RNA was extracted 
from frozen tissues using the SV Total RNA Isolation 
System (Promega Corporation, Fitchburg, WI, USA) 
following the manufacturer's recommendations. RNA 
concentration was measured by spectrophotometry in 
Nanodrop ND- 1000. First-strand cDNA was synthesized 
from total RNA using GoTaq 8 2-STEP RT qPCR System 
(Promega). The following primers (Integrated DNA Tech- 
nologies, San Diego, CA, USA) were used: IL-6, caspase-3, 
PCIII, RAGE, VCAM-1 and acidic ribosomal phosphopro- 
tein PO, 36B4. Relative mRNA levels were measured with 
a SYBR green detection system using ABI 7500 real-time 
PCR (Applied Biosystems, Foster City, CA, USA). Samples 
were measured in triplicate. For each sample, the expres- 
sion of each gene was normalized to housekeeping gene 
expression (acidic ribosomal phosphoprotein PO, 36B4) 
and expressed as fold changes relative to PEEP5, using the 
2~ 1 method, where ACt = Ct, reference gene - Ct, 
target gene. An additional file shows in more detail the 



description of the primers used in the experiments [see 
Additional file 1]. 

Statistical analysis 

Differences between different levels of PEEP were assessed 
by one-way analysis of variance (ANOVA) followed by 
Tukey's test for each ALI etiology. MAP (Baseline-ZEEP 
up to End) was compared by one-way ANOVA for re- 
peated measures followed by Bonferroni's test. Parametric 
data were expressed as mean ± SD and nonparametric 
data as median (interquartile range). All tests were per- 
formed using GraphPad Prism v5.00 statistical software 
package (GraphPad Software, La Jolla, CA, USA). Signifi- 
cance was established at P <0.05. 

Results 

MAP was maintained stable and above 70 mmHg 
throughout the experiments (Figure 2). In ALIp, but not 
in ALIexp, animals in the PEEP10 group required add- 
itional fluid (Gelafundin 8 ) administration to maintain 
MAP >70 mmHg {P <0.05) (Table 1). 

PaC>2 and Est,L were comparable among groups at 
Baseline-ZEEP, regardless of ALI etiology (Table 1). In both 
ALI groups, at the end of the mechanical ventilation 
period, PEEP7 and PEEP10 resulted in higher PaC>2 com- 
pared to PEEP5 (Figure 3). In ALIp, PEEP7 and PEEP10 
yielded higher Est,L compared to PEEP5. In ALIexp, Est,L 
was lower in PEEP7 than PEEP5 (Figure 4). 

ALI groups presented interstitial edema, alveolar col- 
lapse and neutrophil infiltration. In ALIp and ALIexp, 
PEEP 10 yielded alveolar hyperinflation (Figure 5). In 
ALIexp, the fraction area of alveolar collapse was reduced 
with PEEP7 compared to PEEP5. 

The semiquantitative analysis of lung and diaphragm 
electron microscopy is shown in Table 2. The damage of 
type I and II epithelial cells was more pronounced in 
ALIp, while endothelial cell and diaphragmatic injury 
prevailed in ALIexp. In both ALI groups, PEEP 10 resulted 
in greater damage to type I and II epithelial cells. In ALIp, 
PEEP 10 also yielded endothelial cell damage and dia- 
phragmatic injury. 

The mRNA expression of biological markers associated 
with inflammation, apoptosis, fibrogenesis and damage 
inflicted on alveolar type I and II epithelial cells, as 
well as endothelium are investigated in ALIp and ALIexp 
(Figure 6). In ALIp, no significant changes were observed 
in IL-6, caspase-3, PCIII, RAGE and VCAM-1 expres- 
sions. In ALIexp, both PEEP7 and PEEP10 increased IL-6 
and PCIII expressions, whereas PEEP10 also increased 
VCAM-1 expression. 

Discussion 

The present study focusing on experimental ALIp and 
ALIexp with I AH revealed that: 1) higher PEEP levels 
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Figure 2 MAP in ALIp and ALIexp associated with IAH at different PEEP levels. Each symbol is the mean ± SD of eight rats in each group. SD, 
standard deviation. MAP, Mean Arterial Pressure. ALI, acute lung injury, p, pulmonary, exp, extrapulmonary. IAH, intra-abdominal hypertension. 
ZEEP, zero end-expiratory pressure. Animals were ventilated with positive end-expiratory pressure (PEEP) of 5, 7, and 10 cmH 2 0. 



improved oxygenation regardless of ALI etiology; 2) in 
both ALIp and ALIexp, PEEP10 increased the fraction 
area of alveolar hyperinflation and epithelial cell damage 
compared to PEEP5; 3) in ALIp, PEEP7 and PEEP10 
increased Est,L compared to PEEP 5, without changes 
in alveolar collapse, IL-6, caspase-3, PCIII, RAGE, and 
VCAM-1 expressions, and PEEP10 increased diaphrag- 
matic injury compared to PEEP5; and 4) in ALIexp, while 
PEEP7 decreased Est,L and the fraction of alveolar 
collapse compared to PEEP5, both PEEP7 and PEEP10 
increased IL-6 and PCIII expressions, as well as type II 
epithelial cell damage compared to PEEP5. These results 
suggest that the use of a higher PEEP level in ALI asso- 
ciated with IAH might depend on the underlying ALI 
etiology. To the best of our knowledge, this is the first 
study investigating the effects of PEEP on lung morph- 
ology, inflammation, apoptosis, fibrogenesis, epithelial and 
endothelial cell damage, and diaphragmatic injury in ALIp 
and ALIexp with IAH. 

The present models of ALIp and ALIexp have been 
previously employed [14] and are in accordance with the 
American Thoracic Society committee recommendations 
to characterize experimental ALI. IAH was induced by 
inserting cotton dressings into the abdominal cavity. 
This model was chosen because it does not result in 



absorption of liquids or CO2 through the peritoneum 
[9], which could interfere with intravascular volume [15] 
and inflammation [16], respectively. IAP level was set at 
15 mmHg in accordance with the definition of IAH [17]. 

Animals were ventilated with Vx of 6 mL/kg, which is 
the recommended level during lung-protective mechan- 
ical ventilation in ALI [18]. The lowest and highest levels 
of PEEP were 5 and 10 cmH 2 0, respectively, which are 
associated with less hemodynamic impairment and fluid 
requirements in experimental ALI in rats [3,9]. A PEEP 
of 7 cmH 2 0 was used as the intermediate level. A previous 
study has proposed to set PEEP according to the level of 
IAP in experimental ALI in pigs [19]. Another recent study 
has suggested that PEEP higher than IAP maintains func- 
tional residual capacity and prevents alveolar collapse [11]. 
In this line, in the present study, not even the highest PEEP 
value (10 cmH 2 0 = 7.4 mmHg), which was lower than IAP 
(15 mmHg), was able to prevent alveolar collapse in our 
animals, independent of ALI etiology. Nevertheless, PEEP 
values capable of counteracting IAP (approximately 20 
cmH 2 0 in our study) could lead to hemodynamic instabil- 
ity in these ALI models. 

To minimize the influence of confounding factors on 
lung function and molecular biology data, MAP was 
maintained stable and above 70 mmHg. The mRNA 



Table 1 Volume of colloid infused to maintain mean arterial pressure above 70 mmHg, as well as arterial oxygen partial 
pressure and static lung elastance at Baseline-ZEEP 



Etiology 


PEEP (cmH 2 0) 


Volume of colloid (mL) 


Pa0 2 


Est,L (cmH 2 0/mL) 


ALIp 


5 


0.8 (0 to 2.5) 


189 ±93 


3.9 ±0.4 




/ 


0 (0 to 0.6) 


164 ±71 


3.5 ± 0.4 




10 


2.3 (1 .9 to 2.8) a 


144±70 


3.7 ±1.3 


ALIexp 


5 


0 (0 to 1 .6) 


175 ±91 


3.5 ±0.8 




/ 


0.3 (0 to 0.6) 


125 ±21 


3.3 ±0.5 




10 


1 .8 (0.8 to 3.9) 


147 + 58 


3.5 ±0.6 



Volume of colloid infused to maintain mean arterial pressure above 70 mmHg, as well as arterial oxygen partial pressure (Pa0 2 ) and static lung elastance (Est,L) at 
fraction of inspired oxygen (Fi0 2 ) = 1.0 and 0.4, respectively. Volume of colloid infused is presented as median (25 th to 75 th percentile} (eight animals/group), 
whereas Pa0 2 and Est,L are shown as mean ± SD (eight animals/group). a Significantly different from PEEP7 [P <0.05). ALI: acute lung injury; exp: extrapulmonary; 
p: pulmonary; PEEP: positive end-expiratory pressure; SD, standard deviation; ZEEP: zero end-expiratory pressure. 
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Figure 3 Pa0 2 in ALIp and ALIexp associated with IAH at 
different PEEP levels. Each bar represents the mean ± SD of eight 
rats in each group. SD, standard deviation. Pa0 2 , arterial oxygen 
partial pressure. ALI, acute lung injury, p, pulmonary, exp, 
extrapulmonary. IAH, intra-abdominal hypertension. Animals were 
ventilated with positive end-expiratory pressure (PEEP) of 5, 7, and 
10 cmH 2 0. "Significantly different from PEEP5 (P <0.05). 

v J 

expression of IL-6 was analyzed because of its role as 
mediator in the pathogenesis of VALI [20,21], whereas 
pro-caspase 3 expression was measured since this gene 
is a surrogate parameter of the final step of apoptosis 
[22]. Expression of PCIII mRNA was evaluated because 
this is the first collagen to be remodeled in the presence 
of lung fibrogenesis [23]; it has also been used as an 
early marker of lung parenchyma remodeling. RAGE 
was analyzed because it is abundant in the lung and has 
been associated with alveolar type I epithelial cell injury 
[24]. VCAM-1 has been associated with endothelial 
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Figure 4 Est,L at End in ALIp and ALIexp associated with IAH at 
different PEEP levels. Each bar represents the mean ± SD of eight 
rats in each group. SD, standard deviation. Est.L, Static lung 
elastance. ALI, acute lung injury, p, pulmonary, exp, extrapulmonary. 
IAH, intra-abdominal hypertension. Animals were ventilated with 
positive end-expiratory pressure (PEEP) of 5, 7, and 10 cmH 2 0. 
"Significantly different from PEEP5 (P <0.05). 



activation leading to the tethering of inflammatory cells, 
which may perpetuate the inflammatory process [25]. 

Current evidence shows that IAH promotes a cephalad 
shift of the diaphragm [19,26,27], with a reduction in lung 
volumes and increase in pleural pressure [9,28], causing 
atelectasis and impaired lung function [29]. In the pres- 
ence of IAH, higher PEEP is required to counteract the 
effects of increased IAH, thus minimizing VALI [19]. 
However, there are controversies regarding the use of 
PEEP in experimental ALI and clinical ARDS with IAH, 
which may be related to the variety of experimental 
models [19,30] and patient populations [31,32]. 

In this study, PEEP7 and PEEP10 resulted in higher 
PaC>2 regardless of ALI etiology. In ALIp, Est,L increased 
at PEEP10, which may be explained by alveolar hyperinfla- 
tion. In ALIexp, only PEEP7 was associated with reduced 
Est,L, which was accompanied by decreased alveolar col- 
lapse compared to PEEP5, suggesting partial recruitment 
of lung units. These different results might be attributed 
to the predominance of lung consolidation in ALIp, hin- 
dering the opening of alveoli, whereas in ALIexp there 
was a prevalence of recruitable alveoli [8,32]. These find- 
ings are in line with those observed in patients with 
ALIexp with IAH [31]. Conversely, in oleic acid-induced 
ALI with IAH, Regli et al. found no significant changes in 
Est,L with increased PEEP [19]. 

In ALIp with IAH, PEEP10 induced greater damage to 
alveolar type II epithelial cells, which may be caused by 
the uneven alveolar expansion and, thus, higher local 
stress in type II epithelial cells that are located in the 
corners of the alveoli [33]. Moreover, lung inflation dis- 
tends type I epithelial cells almost twice as much as type 
II epithelial cells, causing further damage [34]. In previ- 
ous studies, these ultrastructural changes with higher 
PEEP were not associated with changes in IL-6, PCIII, 
caspase-3 and RAGE expressions, suggesting that PEEP7 
and PEEP10 were not able to open consolidated alveoli 
and reduce shear stress [35,36]. Furthermore, in our 
study, PEEP10 led to additional endothelium cell injury, 
but no significant changes in VCAM-1 were observed, 
which may be related to the minimal endothelium cell 
lesion in ALIp. PEEP10 induced greater damage to the 
diaphragm in ALIp. It is likely that lung hyperinflation 
induced by higher PEEP led to distortion of the diaphragm, 
promoting mitochondrial damage. 

In ALIexp, PEEP7 and PEEP10 yielded damage to al- 
veolar type I and II epithelial cells associated with an in- 
crease in IL-6 and PCIII. PEEP10 led to an increase in 
VCAM-1 expression, suggesting that higher PEEP levels 
increased vascular compression and shear stress across 
the endothelial barrier, thus promoting greater activation 
of adhesion molecules [37]. 

The fact that the increased alveolar epithelial and 
endothelial cell damage was uncoupled from activation 
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Figure 5 Alveolar collapse and hyperinflation in ALIp and ALIexp associated with IAH at different PEEP levels. Box encompasses 25 th to 
75 th percentile, error bars encompass 10 th to 90 th percentile, and horizontal bar shows the median of eight animals in each group. ALI, acute 
lung injury, p, pulmonary, exp, extrapulmonary. IAH, intra-abdominal hypertension. Animals were ventilated with positive end-expiratory pressure 
(PEEP) of 5, 7, and 10 cmhbO. *Significantly different from PEEP5 (P <0.0S). #Significantly different from PEEP7 (P <0.05). 



of different biological markers of injury, mainly in ALIp, 
suggests that those phenomena are linked to different 
pathways in VALI. The observation that PEEP may in- 
duce an increased expression of PCIII and VCAM-1, 
and not RAGE and caspase-3 could be explained by dis- 
tinct kinetics of activation of those genes. 

Possible clinical implications 

Our results suggest that in ALIp with IAH, changes in 
Est,L and oxygenation have limited value in setting PEEP 
to minimize alveolar collapse and VALI. Additionally, 
our data indicate that in ALIexp associated with IAH, 
higher PEEP resulted in higher expression of biological 
markers associated with VALI. 



Limitations 

This study has limitations: 1) ALIp and ALIexp were 
induced by intratracheal and intraperitoneal endotoxin 
injection; thus, our results cannot be extrapolated to other 
ALI models with different degrees of severity or human 
ARDS. Nevertheless, this work represents a step forward 
in understanding the mechanisms of VALI in experimen- 
tal ALI with IAH during lung-protective mechanical venti- 
lation; 2) the PEEP levels in the current study, while often 
used in rats, may not be directly extrapolated to the clin- 
ical scenario; 3) we cannot rule out that different results 
could have been obtained at different IAH and at lower or 
higher PEEP levels and/or with recruitment maneuvers. 
Recruitment maneuvers were not applied associated with 



Table 2 Semiquantitative analysis of lung and diaphragm transmission electron microscopy 








Lung 






Diaphragm 




Etiology 


PEEP (cmH 2 0) 


Type 1 epithelial 
cell 


Type II epithelial 
cell 


Endothelium 


Myofibril 
abnormalities 


Mitochondrial 
injury 


Miscellaneous 


ALIp 


5 


3 (2.75 to 3.25) 


2.5 (2 to 3) 


2.5 (2 to 3) 


3 (2 to 3) 


2 (2 to 3) 


2.5 (2 to 4) 




/ 


3 (2 to 3.25) 


3 (2.75 to 3) 


3 (3 to 4) 


3 (2.75 to 4) 


2.5 (2 to 3) 


3 (2 to 3) 




10 


4 (3 to 4) a 


3 (3.5 to 4) a 


3.5 (3 to 4) a 


3 (2.75 to 4) 


4 (3 to 4) a 


3.5 (3 to 4) 


ALIexp 


5 


2 (2 to 2.25) 


2 (1.75 to 2) 


3 (2.75 to 3.25) 


4 (3 to 4) 


3 (3 to 4) 


4 (3 to 4) 




/ 


2 (2 to 3) 


3 (2.75 to 3) a 


3 (3 to 4) 


3 (3 to 325) 


3 (3 to 3.25) 


3 (3 to 3.25) 




10 


3.5 (3 to 4) ab 


3 (2.75 to 4) a 


4 (3 to 4) 


4 (4 to 4) 


4 (3.75 to 4) 


4 (3.75 to 4) 



The pathologic findings were graded according to a 5-point semiquantitative severity-based scoring system: 0 = normal lung parenchyma, 1 = changes in 1% to 
25%, 2 = 26% to 50%, 3 = 51% to 75%, and 4 = 76% to 100% of the examined tissue. Values are the median (25 th to 75 th percentile) of six animals per group. 
Significantly different from PEEP5 (P <0.05); Significantly different from PEEP7 (P <0.05). ALI: acute lung injury; exp: extrapulmonary; p: pulmonary; PEEP: positive 
end-expiratory pressure. 
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Figure 6 RT-PCT analysis of biological markers in ALIp and ALIexp with IAH at different PEEP levels. Biological markers were associated 
with inflammation (interleukin (IL)-6), apoptosis (caspase-3), fibrogenesis (type III procollagen (PCIII)), damage inflicted on alveolar type I epithelial 
(receptor for advanced glycation end-products (RAGE)) and endothelial cell (vascular cell adhesion molecule-1 (VCAM-1)). ALI, acute lung injury, p, 
pulmonary, exp, extrapulmonary. IAH, intra-abdominal hypertension. Animals were ventilated with positive end-expiratory pressure (PEEP) of 5, 7, 
and 10 cmH 2 0. Relative gene expression was calculated as a ratio of the average gene expression levels compared with the reference gene 
(36B4) and expressed as fold changes relative to PEEP5. Data are presented as box plot with median lines, 25 th - and 75 th -percentile boxes, and 
10 th - and 90 th - percentile error bars of six animals in each group.*Significantly different from PEEP5 (P <0.05). #Significantly different from PEEP7 
(P <0.05). 



PEEP to avoid confounding effects concerning the differ- 
ent biological impact on lung parenchyma in each ALI 
group [8,38]; 4) the mediators were measured in lung 
tissue but not in the blood; 5) the observation time 
was relatively short (one hour) compared to previous 
studies which ventilated rats for four [39] or six hours [40], 



precluding changes in the protein levels of all these 
biological markers. However, in order to keep alive small 
animals with ALI associated with IAH for six hours, it is 
necessary to use higher amounts of fluids, sometimes vaso- 
active drugs (for example, noradrenaline) to maintain MAP 
higher than 60 mmHg, and bicarbonate due to intense 



Santos ef al. Critical Care 2014, 18:R121 
http://ccforum.eom/content/1 8/3/R1 2 1 



Page 9 of 1 1 



metabolic acidosis. All these therapeutic strategies inter- 
fere with individual gene activation. Moreover, each 
protein mediator was synthetized at different time points 
and at four hours no protein synthesis occurs. Thus, as a 
primary study design, even though one hour duration rep- 
resents a short study time, we are able to evaluate the gene 
activation induced by the PEEP in different ALI etiologies 
associated with IAH without the interference of necessary 
therapies to keep the animal alive. This experimental 
study may be regarded as the first step to help other 
experimental and clinical studies start evaluating the 
effects of different PEEP levels in ALI associated with 
IAH; and 6) it is difficult at the present stage to under- 
stand fully the mechanisms associated with individual 
gene activation, and thus another study design would be 
required. 

Conclusions 

In these experimental models of ALI, higher PEEP should 
be cautiously used in the presence of IAH, mainly in 
ALIexp. 

Key messages 

• In the current models of ALIp and ALIexp with 
IAH, higher PEEP improved oxygenation, but 
yielded epithelial cell damage and alveolar 
hyperinflation, without avoiding collapse. 

• In ALIp with IAH, higher PEEP led to endothelial 
cell and diaphragm damage. 

• In ALIexp with IAH, higher PEEP worsened markers 
of lung inflammation, fibrogenesis, and endothelial 
cell damage, whereas moderate PEEP was able to 
reduce static lung elastance, alveolar collapse, and 
inflammation, and thus lung protection. 

• In ALI, higher PEEP should be cautiously used in 
the presence of IAH, mainly in ALIexp. 

Additional file 



Additional file 1: Table SI. Containing the used target genes primer 
sequences for RT-PCR. 
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